. 1984). Thus the EPSP decay depends enormously on A fast synaptic potential mediated by NMDA and non-NMDA whether the membrane remains sufficiently depolarized to receptors. J. Neurophysiol. 78: 2693receptors. J. Neurophysiol. 78: -2706receptors. J. Neurophysiol. 78: , 1997. Excitatory syn-depress the Mg 2/ block. In fact, fast NMDA receptor-mediaptic transmission in the CNS often is mediated by two kinetically ated EPSPs have been observed in hippocampus after single distinct glutamate receptor subtypes that frequently are colocalized, stimuli (Thomson and Radpour 1990). On the other hand, the N-methyl-D-aspartate (NMDA) and non-NMDA receptors. it generally is assumed that repeated synaptic stimulation Their synaptic currents are typically very slow and very fast, reprovides the ideal ''priming'' depolarization, allowing the spectively. We examined the pharmacological and physiological expression of these synaptic currents (Herron et al. 1986; properties of chemical excitatory transmission at the mixed electrical and chemical synapses between auditory afferents and the gold-Jahr 1994; McBain and Mayer 1994). It therefore has been fish Mauthner cell, in vivo. Previous physiological data have sug-speculated that NMDA receptors confer Hebbian properties gested the involvement of glutamate receptors in this fast excitatory to glutamatergic synapses, such that they respond to presynpostsynaptic potential (EPSP), the chemical component of which aptically released glutamate only when there is sufficient decays with a time constant of õ2 ms. We demonstrate here that postsynaptic depolarization. The resultant Ca 2/ influx then the pharmacological and voltage-dependent characteristics of the can induce activity-dependent changes in synaptic strength, synaptic currents are consistent with glutamatergic transmission such as long-and short-term potentiation and depression and that both NMDA and non-NMDA receptors are involved. The (see Malenka and Nicoll 1993). two components surprisingly exhibit quite similar kinetics even at resting potential, with the NMDA response being only slightly Synaptic plasticity also occurs at the junctions between slower. Due to its fast kinetics and characteristic voltage depen-auditory afferents and the Mauthner (M) cell in the goldfish, dence, NMDA receptor-mediated transmission at these first-order where a wealth of evidence shows that transmission at these synapses contributes significantly to paired pulse and frequency-terminals can be modified by homosynaptic input activity dependent facilitation of successive fast EPSPs during high-fre- ( nels because the M cell's membrane time constant is Ç400 and non-NMDA [a-amino-3-hydroxy-5-methyl-4-isoxazoms (Fukami et al. 1964). This speed of transmission, which lepropionic acid (AMPA)], receptors (McBain and Mayer is a requirement for the initiation of the sound-evoked escape 1994). These two channel types usually are colocalized and response mediated via the M cell and its output circuitry contribute kinetically distinct components to the excitatory (Faber et al. 1989) , would make it unlikely that NMDApostsynaptic currents (EPSCs) shaping fast synaptic transreceptor activation underlies activity-dependent plasticity of mission. Whereas the conductance changes mediated by these junctions. However, previous results suggested that the AMPA receptor channels usually have a fast onset and rapid chemical EPSP may be mediated by glutamate (Diamond decay, those due to NMDA receptors are typically long last-1968; Titmus et al. 1996; Wolszon and Faber 1988). Moreing, having a slower rate of rise and a prolonged deactivation over, long-term potentiation (LTP) of both components of (Jahr 1994; McBain and Mayer 1994).
such as long-and short-term potentiation and depression and that both NMDA and non-NMDA receptors are involved. The (see Malenka and Nicoll 1993) . two components surprisingly exhibit quite similar kinetics even at resting potential, with the NMDA response being only slightly Synaptic plasticity also occurs at the junctions between slower. Due to its fast kinetics and characteristic voltage depen-auditory afferents and the Mauthner (M) cell in the goldfish, dence, NMDA receptor-mediated transmission at these first-order where a wealth of evidence shows that transmission at these synapses contributes significantly to paired pulse and frequency-terminals can be modified by homosynaptic input activity dependent facilitation of successive fast EPSPs during high-fre- (Pereda and Faber 1996; Yang and Faber 1991; quency repetitive firing, a presynaptic impulse pattern that induces 1990). The parent axons of these afferents, which originate activity-dependent homosynaptic changes in both electrical and in the sacculus, send one branch each to the distal part of chemical transmission. Thus NMDA receptor kinetics in this intact the M cell lateral dendrite where they terminate as single, preparation are suited to its functional requirements, namely speed large, myelinated club endings (LMCEs) (Bartelmez 1915) , of information transmission and the ability to trigger changes in synaptic efficacy. each having both chemical synapses and gap junctional plaques (Nakajima and Kohno 1978; Tuttle et al. 1986 ). Thus electrical stimulation of the posterior eighth nerve pro-I N T R O D U C T I O N duces a biphasic excitatory response consisting of a fast electrotonic component, or coupling potential, followed by Presynaptic release of glutamate mediates excitatory neua chemically mediated EPSP with a time constant of decay rotransmission at most central vertebrate synapses, via interof õ2 ms (Furshpan 1964; Lin and Faber 1988a) . The EPSP actions at the postsynaptic membrane with two classes of waveform reflects the kinetics of the activated synaptic chanligand-gated ion channels, N-methyl-D-aspartate (NMDA) nels because the M cell's membrane time constant is Ç400 and non-NMDA [a-amino-3-hydroxy-5-methyl-4-isoxazoms (Fukami et al. 1964 ). This speed of transmission, which lepropionic acid (AMPA)], receptors (McBain and Mayer is a requirement for the initiation of the sound-evoked escape 1994). These two channel types usually are colocalized and response mediated via the M cell and its output circuitry contribute kinetically distinct components to the excitatory (Faber et al. 1989) , would make it unlikely that NMDApostsynaptic currents (EPSCs) shaping fast synaptic transreceptor activation underlies activity-dependent plasticity of mission. Whereas the conductance changes mediated by these junctions. However, previous results suggested that the AMPA receptor channels usually have a fast onset and rapid chemical EPSP may be mediated by glutamate (Diamond decay, those due to NMDA receptors are typically long last-1968; Titmus et al. 1996; Wolszon and Faber 1988) . Moreing, having a slower rate of rise and a prolonged deactivation over, long-term potentiation (LTP) of both components of (Jahr 1994; McBain and Mayer 1994) .
the mixed synaptic response produced by posterior eighth The kinetics of NMDA receptor-mediated excitatory postnerve tetanization is prevented by NMDA receptor antagosynaptic potentials (EPSPs) depend on both channel propernists and by postsynaptic injections of the Ca 2/ chelator bisties and the degree of voltage-dependent block by Mg 2/ , which is nearly complete at resting potential (Nowak et al. (o-aminophenoxy) Excitatory amino acids (EAA) and antagonists (antag.) were pressure-ejected outside the region where the 8th-N fibers contact the M-cell dendrite, or dissolved in saline and superfused over the brain. Right: stimulating the eighth nerve while recording from the M cell lateral dendrite produces a 2-component excitatory postsynaptic potential (EPSP): a rapid electrical potential (e) followed by a chemical potential (c; amplitude indicated by first }). Responses to double stimuli illustrate the enhancement of the second chemical EPSP (second }) due to paired-pulse facilitation. Second EPSP amplitude typically was measured using the tail of a single response as the baseline (rrr, extrapolated decay of the first EPSP). Inset: typical antidromic action potential. Amplitude of this spike, which, because of the electrical inexcitability of the M-cell soma and dendrites, propagates only passively along the lateral dendrite, is a reliable measure of changes in the input resistance of the M cell (Faber and Korn 1978) . All traces are the average of ¢10 sweeps; ---(here and in subsequent figures), baseline continuations. Calibration bars in the inset are also 5 mV and 1 ms. kawa 1962; Korn and Faber 1975a; Lin and Faber 1988a) . Briefly, Faber 1996; Yang et al. 1990 ). Finally, recent immunohistothe skull was removed, the brain and eighth nerve exposed, and chemical evidence demonstrates that both NMDA and nonintracellular recordings then performed in vivo from the medullary NMDA receptors are found in the distal part of the M cell region. The M cell was penetrated with microelectrodes filled with lateral dendrite (Sur et al. 1994 ) where these afferents termi-either 2.5 M KCl or 5 M K acetate (Ac). Electrode resistances nate (Lin et al. 1983) .
ranged from 3 to 20 MV. A bipolar stimulating electrode was
We present here pharmacological and physiological evi-placed on the spinal cord near the tail to antidromically activate dence supporting the notions that the neurotransmitter at the the M cell, generating extracellular field potentials that assist in LMCE is indeed glutamate and that it acts by activating both the cell's localization (Furshpan and Furukawa 1962) . For ortho-NMDA and non-NMDA postsynaptic receptors. Strikingly, dromic activation via the eighth nerve, a 10-to 20-MV microstimulating bipolar electrode (Longreach Scientific Resources, Orr's Isthe 2-amino-5-phosphonovaleric acid (APV)-sensitive land, ME), with tip diameters of Ç10 mm, was placed on the nerve, (NMDA) component is present at the relatively high resting Ç800 mm outside the brain (Lin 1986; Lin and Faber 1988a) . This potential of the M cell (080 mV), and its kinetics are much stimulating electrode was insulated except at the very tips, which faster than those previously reported in other systems were offset relative to each other and separated by Ç100 mm to (McBain and Mayer 1994) despite the lower temperature of permit fine control of stimulus location and strength. All experithis preparation. These differences suggest that the goldfish ments were performed at room temperature (Ç22ЊC). NMDA-receptor proteins operate under different physiological conditions in this intact preparation and also may be Extracellular pressure-ejection of excitatory amino unusual in sequence or subunit combination. Further, the acid antagonists kinetic properties of the NMDA receptor-mediated responses are shown to be responsible for a frequency-dependent facili-
The recording electrodes for these experiments contained 5 M tation of the chemical EPSP, a critical requirement for the KAc (with resistances of 10-16 MV), and the M cell lateral induction of activity-dependent changes in its synaptic dendrite was impaled 200-250 mm from the cell body, a locus strength.
including the region where the eighth nerve fibers contact the M cell (Fig. 1) . The drug electrodes contained either g-D-glutamylglycine (DGG) or DL-APV (100 mM, pH 8.0) in 2 M NaCl and
had resistances of 8-18 MV. They were placed 250 mm from the M cell soma, their tips being between 10 and 100 mm dorsal to its General electrophysiological techniques lateral dendrite. Control intracellular records were taken after the M-cell penetration had stabilized, as indicated by the constancy of Goldfish 10-12 cm in length were anesthetized with MS-222 (Ethyl m-aminobenzoate; 250 mg/l) and then paralyzed with D-the neuron's antidromic spike, resting membrane potential, and responses to eighth nerve inputs. Drugs then were applied in the tubocurarine hydrochloride (3 mg/g body weight). The preparation and general electrophysiological techniques were similar to those form of continuous pressure pulses of 5-15 psi, during which time the responses of the M cell to eighth nerve and antidromic previously described (Faber and Korn 1978; Furshpan and Furu-stimulation (0.4-5 Hz) were monitored. When the drugs were difficult to maintain. Sampling rates varied between 16 and 25 kHz; the signals were filtered at 10 kHz. Recording electrodes observed to have achieved their maximum effects at a given pressure, the pressure was released, but the position of the electrode (containing 2.5 M KCl or 5 M KAc) had resistances between 2.5 and 5 MV. For experiments in which synaptic currents were maintained, and the recoveries of M-cell responses recorded. Resting potentials ranged from 081 to 089 mV and were very stable examined, only KAc electrodes were used to avoid possible chloride-loading of the M cell. The recording electrodes impaled the throughout the experiments, as were the amplitudes of the antidromic spikes. Given the distance between the pressure electrode M cell lateral dendrite 150-250 mm from the soma.
As the space constant of the dendrite is approximately 250 mm and the M cell, volume dilution, and difficulties inherent to extracellular pressure injection, we estimate the effective concentrations (Faber and Korn 1978) , we assume that in the best conditions the voltage in the region of the dendrite that receives input from the of the drugs were at least two orders of magnitude less than in the pipette. However, to guarantee specificity, they also were applied LMCEs was probably well clamped. It was usually difficult to clamp the dendrite to levels very far beyond the resting potential by superfusion over a wide range of concentrations.
because of the low input resistance of the M cell (Ç150 kV in the soma and from 400 kV to 2 MV in the dendrite) and occasional
Superfusion of antagonists
instabilities of electrode resistance. Great care was taken, therefore, to ensure that excitatory currents were stable and reproducible, and Recording electrodes for the superfusion experiments had resisany measurements obtained under unstable conditions were omitted tances of 7-11 MV and impaled the dendrite 175-275 mm distal from the subsequent analyses. For this reason, the current-voltage to the M cell soma. For this experimental series, the goldfish brain data were acquired over limited voltage ranges; in one experiment, was superfused continuously with normal fish saline [containing the electrode maintained a stable clamp for potential changes as (in mM) 124 NaCl, 5.1 KC1, 3.0 NaH 2 PO 4 rH 2 O, 0.9 MgSO 4 great as {35 mV from rest, but it was more common to be limited 7H 2 O, 1.6 CaCl 2 2H 2 O, 5.6 glucose, and 20.0 N-2-hydroxyethylpito {10-20 mV. perazine-N-2-ethanesulfonic acid, pH 7.2), either with or without the addition of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 50 agonists, we applied continuous depolarizing or hyperpolarizing responses, drug-free saline was superfused and then drug was voltage steps. Once a stable membrane current was obtained, presadded while maintaining the electrode penetration by switching the sure pulses of glutamate or NMDA (1 M, pH 7.2) were ejected solution to one containing the drug dissolved in saline. The new from a second (extracellular) electrode and the M-cell responses fluid was delivered at a nearly identical rate, and the level of were recorded. The order in which the voltage was clamped to solution over the brain (É0.5 ml) remained constant. However, to different values was randomized, and each step usually was rerule out the possibility that very small changes in fluid flow might peated a number of times to test for reproducibility of response alter the recording or stimulation conditions, in some experiments amplitudes. In the case of the eighth nerve EPSCs, steps of 10-to (n Å 7), we first monitored responses while changing from one 25-ms duration were applied with and without superimposed eighth solution of saline to another and then subsequently switched to the nerve EPSCs. Synaptic currents were measured by subtracting the drug-containing solution.
leak currents produced by the same voltage steps without concurBecause the dead volume in the superfusion apparatus was Ç0.2 rent nerve stimulation. ml and the flow rate was 5-10 ml/min, the time before the start Because of the short latency and rapid rise of the eighth nerve of the solution change ranged from 20 to 40 s. However, because electrotonic potential, the voltage-clamp apparatus could not conthe M cell lies 1.5 mm below the surface of the medulla but is trol membrane potential quickly enough to reliably record this close to the surface of the fourth ventricle, the time for the actual current. diffusion of the drug into or out of the synaptic regions of interest cannot be gauged accurately. Based on the time courses of the effects, diffusion was sometimes complete within as little as 5 min, Data analysis although in other instances the drug actions were fully manifest Data were digitized (7-12 ms sampling interval) and averaged only after 1 h.
on-line with a DEC LSI/11-73 computer connected to an INDEC When possible, drug was applied until the magnitude of its data-acquisition system or with a Macintosh-based system. They effects stabilized; the values reported here were measured at those also were recorded on tape or VCR (5-10 kHz cutoff frequency) plateaus. The superfusion solution then was changed back to drugfor subsequent, more detailed analysis. free saline. This wash-out often took much longer than the time Exponential fits of the time courses of decay of eighth nerve required for the effect of the drug to be manifest; therefore, it EPSCs were achieved using a nonlinear least-squares algorithm was usually difficult or impossible to maintain a stable electrode with uniform weighting of the data points after compensation for penetration until there was a complete reversal of drug effects.
baseline offsets (BINFITS, courtesy of Dr. Christopher Lingle, To ensure that any effects on eighth nerve EPSP amplitudes Washington University, St. Louis). Data points were chosen for were not due to changes in M-cell input resistance, the antidromic inclusion in the fits by visual estimation of the 20-80% amplitude spike height was monitored throughout these experiments, as the range of the largest response; then all responses from a particular soma-dendritic membranes are electrically inexcitable (see Faber experiment were fit within the same time frame. The error limits and Korn 1978).
are expressed as 90% confidence limits; these were usually small, a typical value for the time constant of decay being 1.38 { 0.019 intradendritic responses to ortho-and antidromic stimulation Is the transmitter at the LMCE an excitatory amino acid? in Fig 1. , right. Given their characteristic large diameter As mentioned above, although the identity of the neuro-(5-15 mm) and consequent low-threshold LMCEs can be transmitter at these synapses was previously unknown, there activated selectively by using weak stimuli to the posterior is pharmacological (Diamond and Roper 1973; Faber and eighth nerve. The bimodal, monosynaptic PSPs (Furshpan Korn 1978; Titmus et al. 1996; Wolszon and Faber 1988) 1964) , evoked by paired-pulse stimulation of the eighth and immunocytochemical (Sur et al. 1994 ) evidence for nerve in this example, consist of a rapid electrotonic coupling glutamate receptors on the lateral dendrite. In addition, potential ( Fig. 1 , e) arising from current flow through gap NMDA receptor antagonists block the induction of activityjunctions followed by a slower and smaller chemical EPSP dependent LTP at these junctions (Pereda and Faber 1996; (Fig. 1, c) . Because of the short time constant of the M- Yang et al. 1990 ). Therefore, we first asked whether the cell membrane (Ç400 ms) (Fukami et al. 1964) , these comtransmitter might be an excitatory amino acid by testing the ponents are distinguished easily, and their time courses effects of a nonspecific glutamate antagonist, g-DGG (100 largely represent those of the underlying currents (Faber and mM) (Jones et al. 1984) on the posterior eighth nerveKorn 1978). The response amplitudes and waveforms are evoked EPSP (n Å 3). Extracellular pressure pulses were quite stable for ¢2 h during maintained intracellular reused using to apply the drug. cordings, as described previously (Pereda and Faber 1996; Pereda et al. 1992 Pereda et al. , 1994 Silva et al. 1995; When g-DGG was applied to the distal lateral dendrite, the chemical EPSP was diminished consistently, without any 1991; Yang et al. 1990 ). As shown in Fig. 1 , the chemical EPSP is facilitated by the pairing of the stimuli, whereas significant changes in the coupling potential or in the antidromic spike. Figure 2 , A and B, illustrates this effect. Figure  electrical coupling is not. Figure 1 , inset, shows the antidromic action potential, which is conducted passively along 2 A contains the averaged M-cell responses recorded before and after two successive applications of the antagonist at 5 the soma and dendrite (see Faber and Korn 1978) and therefore reveals changes in M-cell input resistance. Although psi. The first application substantially reduced the EPSP within 60 s, without affecting the coupling potential, and the amplitude of the first EPSP is measured with respect to baseline, there actually is a residual contribution from the recovery was complete within 4 min. The second drug application had the same reversible effect. To more fully illustrate coupling potential. Therefore, the percent reduction in EPSP size after drug application is slightly underestimated.
General voltage-clamp techniques
the magnitude of g-DGG antagonism of the chemical EPSP,
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Chemical EPSP is antagonized partially by pressure-application of 100 mM 2-amino-5-phosphonovaleric acid (APV), a selective N-methyl-D-aspartate (NMDA)-receptor antagonist. A: DL-APV (40 mM) reduced the chemical EPSP, but not the electrical, to 62% of its original amplitude. Pre-and postapplication EPSPs are superimposed, the coupling potentials being off-scale in this illustration. B: in another experiment, the control EPSP was reduced 50% within 10 min by DL-APV (100 mM) and then recovered to 89% of its original amplitude 12 min later. Note that the EPSPs are not as smooth here because of the relatively proximal (125 mm lateral to the axon cap) recording site. Traces are averages of 8 sweeps.
a control and another test response are superimposed in Fig. only 2-3 mV. The fourth pressure injection experiment, using 20 mM APV, produced no effect (not shown). It is 2B, at a higher gain than in A. In this case, a larger dose of g-DGG was used (15 psi). The residual, slowly decaying unlikely that the CNQX acted by blocking NMDA receptors at the glycine binding site (Birch et al. 1988 ; Hablitz and tail after the rapid coupling potential resembles that seen with high-frequency eighth nerve stimulation (not shown: Sutor 1990; Yamada et al. 1988) , as evidence that glycine iontophoresis has no effect on the EPSP suggests that the see Fig. 1 in Yang et al. 1990) , which virtually eliminates the chemical component; therefore, the block was essentially concentration of this amino acid is sufficiently high in vivo to saturate the receptor (D. S. Faber and M. J. Titmus, unpubcomplete. The tail is most likely a continuation of the rapid coupling potential, which has a small slow decay component. lished observations).
Very high concentrations of APV can antagonize non- Figure 2B , inset, contains the difference between the two responses and reveals the waveform of the g-DGG-sensitive NMDA receptors (reviewed in Mayer and Westbrook 1987; Stone and Burton 1988) . Because it is impossible to know component, the decay of which is similar to that of the control. The difference waveform also provides a clear repre-the actual drug concentration near the M-cell membrane when using extracellular pressure-ejection, we performed the sentation of the EPSP's rising phase, uncontaminated by the electrical potential.
same tests superfusing the brain, in vivo, with low doses of DL-APV, CPP, or ketamine, another specific NMDA antagoThe chemical EPSPs were reduced to between 25 and 54% of their control amplitudes in this preliminary series of nist (MacDonald et al. 1987) . The appropriate doses for distinguishing between NMDA-and non-NMDA-mediated experiments. These effects were completely reversible in two of three experiments, with the amplitudes recovering to responses vary between systems, but a conservative estimate of the maximum allowable drug concentration for NMDA 102 and 106% of pre-ejection values. There was no change in either the antidromic spike amplitude or the membrane receptor selectivity is 50 mM for ketamine and 50-100 mM for DL-APV and CPP. Figure 4 demonstrates that superfusion resting potential, indicating that the observed effects were not due to changes in input resistance. These data confirmed with a mixture of DL-APV and CPP (50 mM each) had the same effect as observed with pressure ejection. Specifically, that the neurotransmitter at these synapses between the eighth nerve is an excitatory amino acid.
the peak amplitude of the chemical EPSP was attenuated and the remaining response decayed slightly faster (Fig. 4 , A and C). The small reduction in the coupling potential in Are both non-NMDA and NMDA receptors involved? the illustrated experiment was not a constant finding and might reflect a 5-7% decrease in input resistance. The effect It recently was shown that the chemical EPSP is blocked on the chemical EPSP was appreciably greater, and, as completely by pressure applications of a combination of shown ( Fig. 4B) , it persisted for the duration of the experi-APV and CNQX (Titmus et al. 1996) , which together antagment. Finally, the difference waveform or APV/CPP-sensionize both NMDA and non-NMDA receptor-mediated retive component has a time course that is comparable to that sponses, respectively. To determine whether both receptor of the control EPSP (Fig. 4D ). subtypes are indeed involved, we studied the effects of indiBecause it was clear that the APV-sensitive component vidual antagonists on the eighth-nerve-evoked response.
was not remarkably slower than the non-NMDA component We found that CNQX, an AMPA (or non-NMDA)-recep-(compare Figs. 2C, 3A, and 4C), as initially expected, we tor antagonist, suppressed the chemical EPSP when applied systematically quantified the EPSP reduction and the underby superfusion. Figure 2C illustrates an example in which lying kinetics, as schematized in Fig. 5A . For this purpose, this blocker (50 mM) eliminated most, but not all, of the the peak times of the pre-and postdrug EPSPs were indicated chemical component, providing further support for the by t 1 and t 2 , respectively, and that of the drug-sensitive cominvolvement of glutamatergic transmission. However, DL- ponent (DEPSP) by t 3 . Because the chemical EPSP onset APV (pressure-injected, 100 mM), a NMDA-receptor-specould be obscured by the coupling potential that preceded cific antagonist (Davies et al. 1981) , also partially reduced it, all peak times were referenced to the stimulus artifact. the size of the chemical EPSPs, to within 50-68% of the The percent reduction of the EPSP then was calculated at t 3 control (pre-ejection) amplitudes (Fig. 3. A and B; n Å 3 and is given by: of 4). These EPSPs subsequently recovered to between 89 and 95% of controls. Two of these experiments are illustrated 5 . Quantification of the antagonist effects. A, top: schematic diagram of 2 superimposed eighth nerve-evoked EPSPs, before (control) and after drug treatment. Bottom: illustration of how the subtracted PSP, now at twice the gain, typically appears. Amplitudes of the EPSPs were measured at 3 times: t 1 defines the peak of the control PSP, t 2 defines that of the drug-insensitive component, and t 3 is the time at which the drug-sensitive component peaks. Percent reduction of the control EPSP was measured at t 3 (rrr). Zero reference point for the time measurements was taken in the flat region of the baseline, just before the stimulus artifact. B: chemical EPSP is shown before (Con, Control) and 29 min after (Ket, ketamine) superfusion of the brain with 50 mM ketamine in saline. Electrotonic potential was unaffected by the drug and therefore is truncated here. PSP produced after ketamine treatment was subtracted digitally from the control and is shown at higher gain (bottom). rrr, drug-sensitive component peaks later than the control. Artifacts in the baseline preceding this component are due to the subtraction process and are magnified by the rapidity of the electrotonic potential. Traces are averages of 20-25 sweeps. C: percent reduction of the EPSP by ketamine is dependent on predrug EPSP amplitude. Magnitude of the percent reduction is plotted as a function of the original PSP amplitude for the 4 50-mM ketamine experiments listed in Table 1 . q, values for 2 different stimulus strengths tested in 1 experiment (denoted by * in Table 1 ). Curve fit by eye.
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10-29-97 14:29:00 neupa LP-Neurophys . APV 2-amino-5-phosphonovaleric acid; t p , peak time; NA, not available (experiment terminated before significant recovery could be attained. * In one experiment, the responses to two different stimulus strengths (A and B) were tested. † Two doses were tested in the same experiment. dependent reductions in chemical EPSP amplitude. In the This limitation also usually prevented testing for reversibility. Second, the diffusion time of the drug to the afferent example of Fig. 5B , pre-and postketamine responses are superimposed (top) at a gain that truncates the coupling synapses, which are 1.5 mm below the brain's surface (but within a few hundred micrometers of the ventricle), varied potentials. It is clear that the ketamine-insensitive EPSP reaches a peak earlier and decays faster: the EPSP amplitude between preparations, possibly because of tissue differences.
Therefore, absolute values for the percent reduction cannot was reduced by 18.3% at t 3 and the drug-sensitive component removed a relatively late component (bottom trace) that necessarily be compared between experiments at a given time point. Nevertheless, in the 50 mM ketamine experiments peaked Ç110 ms after that of the control. This result is typical of those found in five experiments with ketamine (n Å 4), the average percent reduction was relatively large, being 18.1 { 2.6% (mean { SE), compared with 1.6 { (20-50 mm) and in seven with APV (5-100 mm). In none of these experiments were the electrotonic PSP, antidromic 2.1% in the controls (n Å 7, saline to saline). Membrane potential was stable throughout these experiments, depolarizspike height, or resting membrane potential affected by the antagonists.
ing by only 2.2 { 2.0 mV from beginning to end. Similarly, APV was found to reduce the EPSP by 24.8 { 4.3% (n Å Table 1 summarizes the results of all of the ketamine and DL-APV superfusion experiments. It should be stressed that 8; Table 1); the average reduction for doses of 50 mM APV was 22.0%. Membrane potential depolarized by only 0.8 { although control peak times are in the range of 0.92 to 1.52 ms, these values are artificially large because we measured 1.8 mV. peak times from the beginning of the stimulus artifact. Had we been able to accurately distinguish the true EPSP onset Effects of NMDA receptor antagonists on EPSP time (see Figs. 4D and 5B), actual peak times would be õ0.5 ms. course Note that one ketamine experiment examined drug effects at two different eighth nerve stimulus strengths (Table 1, *), to Both ketamine and APV tended to decrease the peak times of the EPSPs, although these differences did not reach statisdetermine whether different control EPSP amplitudes were differentially sensitive to the drug. This was found to be the tical significance. In the four 50-mM ketamine experiments, the t p of the control EPSP was 1.04 { 0.06 ms, whereas that case and is supported by data described below. In addition, when two concentrations of APV (50 and 150 mm) were of the remaining EPSP was 0.97 { 0.05 ms; the t p of the ketamine-sensitive component was 1.17 { 0.09 ms. Simitested in the same experiment (Table 1 , ‡), the larger dose had the greater effect.
larly, in the APV experiments, the t p of the EPSP decreased from 1.24 { 0.07 ms to 1.15 { 0.08 ms. The t p of the We emphasize that quantitative comparison of drug effects between experiments, even using the same dose, is APV-sensitive component (1.41 { 0.05 ms), however, was significantly longer than that of the control. limited by two factors. First, in some experiments, it was not known whether the effects had reached a plateau, as the When the ketamine and APV experiments are considered together, the peak time of the drug-sensitive component electrode penetration could not be maintained long enough. . Thus although it is not possible to measure accurately the onsets of the two components because of the electrical EPSP, the one putatively mediated by activation of NMDA receptors reaches its peak amplitude slightly later than the peak of the non-NMDA EPSP. Nevertheless, these differences are small, the major finding being that the two components are fast. Inspection of the DPSP records suggests that the rise times (10-90% peak amplitude) of both are in the range of°0.5. To determine whether the durations of the NMDA and non-NMDA components differ, we performed exponential fits of the decays of the control and residual EPSPs (fits of DPSPs were not achieved reliably). All but one of these waveforms were best fit by a single exponential. The time constants of decay for 11 of the control EPSPs (from 12 preparations) listed in Table 1 
Dependence of the percent reduction on control EPSP
synaptic responses. To determine whether the excitatory amplitude responses recorded in the M cell exhibit this type of currentvoltage relationship, we voltage-clamped the distal lateral NMDA-mediated responses are enhanced by depolarizadendrite while stimulating the posterior eighth nerve. These tions that alleviate the Mg 2/ block of the channel. Conseexperiments were conducted with the SEVC technique ( see quently, one might anticipate that the APV-or ketamine-METHODS ). sensitive component would contribute more to large control The EPSCs studied in seven cells all exhibited a region EPSPs than to small ones. In confirmation, we found a posiof negative-slope conductance near the resting potential tive correlation between the control EPSP amplitude and the (from 070 to 090 mV in these experiments), suggestive of magnitude of the ketamine-induced reduction. This phenoma synaptic response that at least partly is mediated by NMDA enon is illustrated in Fig. 5C , in which the percent reduction, receptors. Two examples of such an experiment are shown measured at the t p of the ketamine-sensitive component (t 3 ), in Fig. 6 . Figure 6A1 illustrates the voltage dependence of is plotted as a function of the control EPSP amplitude. We the leak-subtracted, averaged synaptic currents evoked by did not attempt to make the same comparison for the APV stimulating the eighth nerve. Depolarization of the cell to experiments since widely varying drug concentrations were only 10 mV beyond rest (to 060 mV) caused a substantial used.
enhancement of the EPSC; this enhancement was even more The above correlation suggests that the NMDA-mediated pronounced at 050 mV. The current-voltage relationship for component confers voltage dependence to the synaptic rethis experiment is shown in Fig. 6A2 . Note the hyperpolarsponse. We therefore tested this possibility directly under ization beyond the resting potential did not significantly afvoltage-clamp conditions. fect the synaptic current, suggesting that non-NMDA receptor-mediated conductances play a larger role in this voltage Voltage dependence of synaptic currents range. Depolarization beyond 050 mV resulted in an unstable clamp condition, as discussed above, so it was impossible If part of a neuron's response to synaptic activation is to determine whether the slope of the I-V curve would have mediated by NMDA receptors, depolarization beyond the reversed polarity had more positive membrane potentials resting potential should enhance that component by relievbeen used. ing a voltage-sensitive magnesium block ( Mayer and West- The I-V curve in Fig. 6B , from a different experiment, brook 1984; Mayer et al. 1984; Nowak et al. 1984 ) . This illustrates another example of the negative-slope conducphenomenon accounts for the region of negative-slope conductance near the resting potential during NMDA-mediated tance. Although depolarization to 064 mV was insufficient to cause a reversal of the slope, it became slightly positive when the cell was hyperpolarized to between 094 and 0104 mV, as would be expected if non-NMDA-mediated conductances dominated the curve in this region. We observed this phenomenon in six of seven experiments.
Because the voltage dependence of NMDA-mediated responses is due to magnesium block of the associated channel (Mayer et al. 1984; Nowak et al. 1984) , we tested whether the current-voltage relationship of the EPSCs could be altered by perfusion with magnesium-free saline. After 40 min of superfusion, no effect was observed (not shown). This result is probably due to the difficulty of significantly reducing the magnesium concentration in an in vivo preparation, particularly when the synapses of interest are not at the surface of the brain and when magnesium-block can occur with even 5 mM extracellular magnesium (Nowak et al. 1984) .
Voltage dependence of EPSC kinetics
One would expect relatively complicated kinetics of EPSCs produced at mixed NMDA and non-NMDA synapses. We therefore tested whether single-and double-exponential functions fit the EPSC decays produced at various membrane potentials. Generally, a single exponential was sufficient to accurately describe the decays of the EPSCs and of the EPSPs (the latter being reliable indicators of the time course of conductance changes because the membrane time constant is Ç0.5 ms). When EPSC decays were fit with pressure-applied NMDA. B1: postsynaptic currents were enhanced markedly with even small levels of depolarization (resting potential Å 084 mV); in this case, a 2.5-mV depolarization actually doubled the response. Brief Membrane responses to glutamate and NMDA inward current superimposed on the 079 mV response is probably a spontaneous synaptic current. B2: I-V curve for this experiment also has a region applications of negative-slope conductance near the resting potential (V r ). Curve fit by eye.
Although responses in the lateral dendrite to glutamate have been described previously (Diamond and Roper 1973) , sensitivity to directly applied NMDA has not been demonstrated. We therefore tested whether functional NMDA re-slope of the curve can be seen in the region of the resting potential, but the slope approaches zero as the cell was hyceptors exist on the dendrite by applying it directly in voltage-clamp experiments and by asking whether the EPSC I-perpolarized beyond 091 mV. Hyperpolarization by even 24 mV beyond rest never caused the slope of the curve to be-V relations could be mimicked by NMDA or the putative transmitter glutamate. First M-cell responses to extracellular come more positive. Similar results were found in the second experiment where, in addition, the slope conductance bepressure-application of 1 M glutamate (n Å 2) were monitored. Amplitudes and durations of the pressure pulses were came positive as the cell was hyperpolarized by 5 mV (not shown). chosen to give reproducible responses without mechanically disturbing the dendritic membrane; a 10-psi pulse for 80 ms
We next tested directly whether there are NMDA receptors on the lateral dendrite, as suggested above and implied was sufficient to elicit reproducible responses of comparable amplitudes. As shown in Fig. 7A, 1 and 2 , there was a by immunocytochemical data (Sur et al. 1994) . For this purpose, NMDA (1 M) was applied by pressure-ejection striking voltage dependence of the M cell's response to pressure-applied glutamate. Depolarization by even 5 mV from (n Å 4) using pulses of 10 to 40 psi and 250 to 1,000 ms duration. In every experiment, we found robust NMDA rest (078 to 073 mV) substantially enhanced the amplitude of the current, whereas depolarization by 10 mV (to 068 responses that were voltage sensitive, with regions of very steep negative-slope conductance near the resting potentials mV) more than tripled it. Conversely, hyperpolarization significantly reduced the glutamate response. The I-V curve for (which ranged from 063 to 084 mV). In the example of Fig. 7B, 1 and 2 , it is remarkable that depolarization of only this experiment is illustrated in Fig. 7A2 response. The apparent shortening of the second and third coupling potentials in the presence of APV/CPP (Fig. 8B) was not consistently observed.
Effects of APV on a slow depression of eighth nerve responses
We observed a striking effect of APV on a phenomenon heretofore not described in the M-cell system. This phenomenon was discovered when the paradigm that produces paired-pulse facilitation was repeated every 1-2 s: at steady state, the amplitude of the first chemical EPSP of the pair was smaller than that produced by a single stimulus at the same strength and frequency (Fig. 9) . This depression develops over a period of Ç20 s when paired stimuli are given at 0.5 Hz (Fig. 9, A vs. B) . In other words, there is a usedependent depression of the EPSP that lasts for ¢2 s when FIG . 8. Blocking effect of NMDA antagonists is progressively greater the eighth nerve is stimulated repetitively at short intervals.
for successive EPSPs in a burst. Superimposed averaged records (n ¢ 15) obtained in control and after 30 min in presence of the blockers. A: addition It was not observed when the two stimuli were separated by of APV (50 mM) plus CPP (50 mM) to saline produces a small reduction intervals of ¢10 ms, and the electrotonic potential was not in the size of an EPSP evoked by a single eighth nerve stimulus. B: same similarly affected. The requirement that paired stimuli be preparation and time points as in A, demonstrating that during repetitive used to produce this depression suggests involvement of stimulation of the eighth nerve there is a progressive build-up of the NMDA-NMDA receptor activation. mediated component. Second and third EPSP amplitudes are measured from the tail of the single pulse (as in Fig. 1 ).
Accordingly, when APV superfusion reduced the amplitude of a single EPSP, it also consistently diminished or abolished this long-lasting depression. In seven experiments, 2.5 mV from rest caused such a dramatic enhancement of paired stimulation depressed the first EPSP before drug apthe NMDA response.
plication by 11.5 { 1.5% relative to single stimulation, but In three of four experiments, there was a slight tendency after application, this depression was only 7.7 { 1.7% (n Å for the slope of the I-V curve to become less negative as the 7). Figure 10 , A1 and A2 and B1 and B2, are two examples M cell was hyperpolarized by Ç10 mV beyond rest ( Fig. of this APV effect. In the example of Fig. 10A, 1 and 2, 7B2 illustrates 1 example). However, the lack of stable APV totally removed the use-dependent EPSP depression, clamp conditions at potentials far from resting potential pre-as indicated by the supposition of steady state responses to vented characterization of the voltage-dependence of the single and double stimuli in Fig. 10A2 . Furthermore, in two NMDA response ú10 mV in either the de-or hyperpolariz-of these experiments, including that illustrated in Fig. 10A , ing direction.
washout of the drug caused partial recovery of the depression (not shown). The effects of ketamine or CPP on the depression were not tested. The possible role of NMDA receptorEffect of repetitive stimulation on the amplitude of the coupled channels in this phenomenon will be considered in APV-sensitive component the DISCUSSION .
The results in Fig. 10B, 1 and 2 , also confirm the observaAnother characteristic of NMDA receptor-mediated transmission is its enhancement with repetitive firing (Herron et tion that NMDA-receptor activation contributes to the facilitation produced by repetitive stimulation, as the pairedal. 1986). We have reported that induction of LTP of the eighth-nerve-evoked EPSP, using brief presynaptic tetani-pulsed facilitation was decreased by APV. In experiments where facilitation was not complicated by a superimposed zation, is similar to NMDA receptor-mediated LTP in hippocampus (Yang et al. 1990 ). We therefore asked if the APV-disynaptic inhibitory shunt, we found that it was significantly reduced, by 6.5 { 2.7 percentage points, from an average sensitive component might be enhanced during repetitive stimulation. For this purpose, we recorded single and multi-of 18.3 { 3.8%.
The presence of an inhibitory shunt after a fast EPSP ple responses before and after superfusion with saline containing a mixture of two NMDA receptor blockers, APV might account for the absence of a dominant slow component typical of those generally associated with NMDA receptor-(50 mM) and CPP (50 mM). As shown in Fig. 8 , while the blockers only removed a small portion of the EPSP produced mediated EPSPs. Two lines of evidence argue against this interpretation of the data. First, when weak stimuli were by a single stimulus in this case (Fig. 8A) , their effects on the second and third EPSPs evoked at 2-ms intervals were used, it was possible to evoke excitation without significant inhibition. Second, the inhibition was blocked sometimes by progressively greater (Fig. 8B) . In contrast, the successive EPSPs in the controls responses were facilitated (Fig. 8B) , superfusion with two inhibitory antagonists, picrotoxin and strychnine. Under these conditions, we can confirm the lack due in part to increased transmitter release (Lin and Faber 1988b) . Thus the effects of APV and CPP indicate that the of inhibition by showing that there is no reduction in antidromic spike height after the test stimulus. Also, no inhibibrief tetani we use to induce paired pulse-facilitation and even LTP appear to cause a dramatic NMDA receptor activa-tory postsynaptic current was unmasked when the holding potential was displaced from the resting level during voltagetion, significantly augmenting and prolonging the synaptic milliseconds. Although fast rise and decay times were reclasses of glutamate receptors ported for elementary NMDA-mediated synaptic currents in The experiments described here indicate that an excitatory cerebellar granule cells (D'Angelo et al. 1990 ), the kinetics amino acid, most likely glutamate, mediates chemical trans-of the M-cell response are still quite unusual, particularly mission at the eighth nerve synapses in the goldfish M cell. because our recordings were obtained at temperatures õ Interestingly, both, non-NMDA and NMDA receptors medi-20ЊC. In fact, the more important observation may be that the ate fast synaptic transmission in this system. This conclusion peak times of both the NMDA-and non-NMDA-mediated arises from several independent lines of evidence, which components in the M cell are quite fast and differ only include the use of specific pharmacological agonists and slightly. antagonists, the characterization of the voltage dependence
The experiments described here were performed in vivo of synaptic currents, and the consideration of previous func-and therefore with physiological concentrations of magnetional (Pereda and Faber 1996; Yang et al. 1990 ) and immu-sium and glycine, an allosteric modulator of the NMDA nochemical (Sur et al. 1994 ) studies, indicating the presence receptor (Mayer et al. 1989) , in the extracellular environand physiological relevance of these glutamate receptor sub-ment. Were it possible to remove magnesium under these types.
experimental conditions, the drug-sensitive responses might The fact that APV and ketamine removed a relatively have lasted much longer. This was found to be the case at late portion of the EPSP supports the hypothesis that this the synapses between Rohan-Beard cells and dorsolateral component arises from NMDA receptor activation. Never-spinal interneurons of Xenopus (Sillar and Roberts 1988), theless, the time course of the NMDA receptor-mediated where removal of magnesium effectively increased the duration of the NMDA-mediated component from Ç70 to 220 component is unusually fast when compared with those ob- FIG . 10. APV removes a long-lasting depression of the first of 2 chemical EPSPs and reduces paired-pulse facilitation. A1: demonstration of the prolonged depression. Two superimposed traces (15 sweeps averaged in each) are shown, 1 from a single eighth nerve stimulus and 1 from a double. First chemical EPSP of the double is smaller than that of a single response. A2: in the presence of 150 mM APV, the depression of the first EPSP is removed, so that the 2 EPSPs are completely superimposable. B, 1 and 2: APV-induced reduction of paired-pulse facilitation in another experiment. B1: amplitudes of the first and second EPSPs were measured as indicated (}), and the percent facilitation calculated as in the text. B2: both paired-pulse facilitation and long-lasting depression were reduced by 20 mM APV. Bar over the second EPSP indicates the EPSP amplitude that would be required to achieve the same level of percent facilitation as in the control. ms. Another possibility is that the NMDA receptor might who concluded from quantal analysis that this facilitation be formed by an unusual combination of NMDA receptor arises from a presynaptic mechanism, one must bear in mind subunits. Accordingly, it has been shown that on expression that those studies were performed using simultaneous rein cultured cells different heteromeric NMDA receptors cordings from single eighth nerve fibers and the M-cell denchannels differ in gating behavior and magnesium sensitivity drite. The EPSP produced by activating one of these fibers (Monyer et al. 1992) . It is conceivable then that a special is small (0.139 { 0.075 mV) and therefore is probably insufcombination of fish NMDA receptor subunit homologues ficient to trigger the voltage-dependent mechanism responsicould explain this unique behavior.
ble for activation of NMDA receptors. It is thus likely that Nevertheless, the finding that NMDA receptors play a role the degree of facilitation in the M cell produced by multiple in the production of such a rapid EPSP is novel and contrary stimuli is controlled by at least two distinct processes, one to the generalization that fast potentials, such as those that being presynaptic and the other postsynaptic. The latter participate in the generation of action potentials, are medi-would introduce a nonlinearity to the input-output relationated by kainate or quisqualate receptors, whereas slower, ship when a group of afferents are activated repetitively, for modulatory potentials are mediated by NMDA receptors. example by tone bursts (Fay and Olsho 1979; Furukawa and Monosynaptic activation of NMDA and non-NMDA recep-Ishii 1967). In addition, paired-pulse stimulation may lead tors by vestibular afferents has been reported for frogs to the transient build-up, at the receptors, of transmitter re- (Boyle et al. 1991; Straka et al. 1996 ) and brain slices of leased by the same or adjacent terminals (Faber and Korn the rat (Kinney et al. 1994; Takahashi et al. 1994 ). Interest-1988 . ingly, the rise-time of the NMDA receptor-mediated component in frogs was found to be significantly faster than that of other NMDA-mediated synaptic potentials in the same Use-dependent depression of EPSPs neurons, with the latter being comparable with NMDA receptor-mediated EPSPs of other systems (Straka and Dier-A second form of plasticity was observed with the pairedinger 1996; Straka et al. 1996) . Because NMDA receptor-pulse paradigm. When steady state was reached during lowmediated transmission in rat vestibular afferents was also frequency stimulation, the first EPSP of a pair was always fast (Kinney et al. 1994) , it was suggested that NMDA smaller than an EPSP produced by a single stimulus. This receptors postsynaptic to vestibular afferents in both frogs reduction was slow in onset and was reversible. and rats exhibit channels kinetics that are relatively fast Interestingly, the depression of the EPSP was reduced by (Straka et al. 1996) . low doses of APV, suggesting a role for NMDA receptors in this phenomenon. One possible mechanism is that the Voltage dependence and facilitation of synaptic responses NMDA receptors might undergo desensitization (Jahr 1994; Mayer and Westbrook 1987; Mayer et al. 1989 ; McBain and Despite its fast kinetics this APV-sensitive component Mayer 1994; Tong et al. 1995) . NMDA receptor-associated displays the voltage dependence (McBain and Mayer 1994 ) channels do show calcium-dependent desensitization, in that and enhancement with repetitive stimulation (Herron et al. increases in intracellular calcium reduce their open probabil-1986) that are characteristic features of NMDA receptor-ity in whole cell recordings, suggesting a possible feedback mediated transmission (McBain and Mayer 1994) . Re-mechanism to control postsynaptic calcium levels (Legendre sponses to pressure-application of NMDA and glutamate et al. 1993 ). Indeed, a phenomenon similar to the one rewere similarly voltage sensitive. The latter experiments are ported here was described recently in hippocampal neurons technically challenging, and it is difficult to rule out presyn-in culture (Rosenmund et al. 1995) , where synaptic NMDA aptic actions of the agonists. Nevertheless, the limited series receptors are inactivated by intracellular calcium, and calwith glutamate and NMDA provided results consistent with cium entry via synaptically activated NMDA receptors is the voltage dependence of the EPSC itself. In addition, it is sufficient to provides feedback inhibition of the NMDAunlikely that voltage-dependent currents intrinsic to the latmediated component. Several mechanisms have been proeral dendrite contribute to this voltage dependence because posed to explain the action of calcium on NMDA receptors, none have been revealed in voltage-clamp studies of this including calcium-dependent enzymes such as calcineurin neurite (Faber and Korn 1986) .
(Leiberman and Mody 1994; Tong et al. 1995) . ModificaWe found that NMDA receptors augmented the chemical tion of NMDA receptors also may underlie the gradually EPSP during brief bursts of repetitive firing, a presynaptic developing depression of the eighth nerve EPSP because it impulse pattern essential for induction of activity-dependent is only seen during repetitive stimulation, a firing pattern changes in synaptic strength (Pereda and Faber 1996; Yang that optimizes NMDA receptor activation. et al. 1990 ). The receptors are involved even when only Repetitive presynaptic stimulation seems to produce both two stimulating pulses are used because low doses of APV NMDA receptor-mediated facilitation and depression of the produced a clear reduction in the amount of facilitation. eighth nerve EPSP. Although the facilitation is almost inThis postsynaptic contribution to paired-pulse facilitation is stantaneous and short lasting, the moderate depression of indicated further by the observation that the larger the EPSP the EPSP develops on a slower time scale and would be amplitude, the larger was the relative magnitude of the ketaexpected to reduce the potential for activity-dependent synmine-sensitive component, presumably due to more channel aptic plasticity imparted by these receptors. For example, unblocking with depolarization. Although the notion that the threshold for inducing LTP might be lower during the NMDA receptors may play a role in paired-pulse facilitation at first seems to contradict those of Lin and Faber (1988b) , initial phase of presynaptic tetanization than later.
